INTRODUCTION
Glycogen is the storage form of glucose in cells and serves as a ' sink ' for removal of extracellular glucose. Glycogen formation is paramount for blood glucose homoeostasis, and defects in this process may underlie and contribute to the development of diseases such as non-insulin-dependent diabetes mellitus [1] . In mammalian cells, glycogen biogenesis is initiated by the selfglucosylating protein, glycogenin (GN) [2] [3] [4] . Glucosylated GN then serves as the substrate for glycogen synthase (GS), which together with branching enzyme catalyses the formation of mature glycogen. GS is present in phosphorylated and nonphosphorylated forms [5] . Under many conditions dephosphorylation of GS is associated with activation of the enzyme and hence glycogen synthesis [6, 7] .
UDP-glucose (UDP-Glc) is the glucosyl donor for GN and GS, as well as other glucosyl transferases [8] [9] [10] [11] [12] . Recent studies suggest that UDP-Glc has signalling properties, including the ability to activate a G-protein-coupled receptor and increase intracellular calcium concentrations [13, 14] . Additionally, there is evidence for compartmentation of UDP-Glc in cells [15] and that UDP-Glc could affect glycogen synthesis by affecting the cellular localization of GS [16] . These findings raise the possibility that UDP-Glc may play a role in glycogen biogenesis other than at the substrate level. Recently, we developed a mammalian cell line that exhibits chronically low UDP-Glc contents [17] owing to a point mutation in the UDP-glucose pyrophosphorylase (UDPG :PP) gene [18] . This cell line has now been used as a Abbreviations used : 2-DG, 2-deoxyglucose ; GN, glycogenin ; GS, glycogen synthase ; PCA, perchloric acid ; TCA, trichloroacetic acid ; UDP-Glc, UDPglucose ; UDPG : PP, UDP-glucose pyrophosphorylase. 1 To whom correspondence should be addressed (e-mail abram.katz!fyfa.ki.se).
activity. Incubation of Qc cell extracts with exogenous UDPglucose had no effect on GS activity ; however, incubation with glycogen fully restored enzyme activity. Incubation of G3 cell extracts with radioactive UDP-glucose resulted in substantial binding of ligand to immunoprecipitated GS, whereas no binding was detected in Qc immunoprecipitates. Incubation of Qc cell extracts with exogenous glycogen fully restored UDP-glucose binding in the immunoprecipitate. These data suggest that chronically low UDP-glucose levels in cells result in inactivation of GS, owing to loss of the ability of GS to bind UDP-glucose.
ensured that the G3 and Qc cells had the same genetic background prior to transfection, but that only the cells transfected with the vector alone remained with low UDP-Glc levels (Qc). Cells were cultured in minimum essential medium (containing 5 mM glucose) supplemented with 10 % fetal bovine serum, 5 mM glutamine, penicillin (100 units\ml), streptomycin (100 µg\ml) and geneticin (0.4 mg\ml) and continuously gassed with 95 % O # \5 % CO # at 37 mC. Cells received fresh medium every 24 h to avoid significant loss of substrate (glucose) and accumulation of intermediates (e.g. lactate ; see below). After harvesting, cells were quickly frozen in liquid N # and stored at k80 mC until processed. Prior to analysis cells were freeze-dried and aliquoted.
Glycogen, GS and phosphorylase
Freeze-dried powder was resuspended in ice-cold homogenizing buffer (HxB ; 50 µl\mg of dry weight) consisting of 10 mM EDTA, 50 mM KF and 30 % (v\v) glycerol, pH 7.0, and sonicated or homogenized on ice. The homogenate was used for subsequent analyses.
The homogenate was centrifuged at 23 000 g for 15 min at 4 mC. For analysis of GS, supernatant was diluted with 4 vol. of ice-cold diluting buffer containing 20 mM EDTA, 130 mM KF and 50 mM Tris, pH 7.8. GS activity was measured with the filter-paper technique following the incorporation of labelled glucose into glycogen [20] . Activity was measured at 30 mC for 10 min in the presence of 0.14 mM UDP-[U-"%C]Glc, 5 mg\ml purified glycogen and 0.17 or 7.2 mM glucose 6-phosphate, pH 7.8 [21] , unless stated otherwise. Activity measured in the presence of the high glucose 6-phosphate concentration represents the total activity of GS regardless of the phosphorylation state of the enzyme [5] . At the end of the incubation, filter papers were washed with 70 % ethanol, dried, and radioactivity was counted in a scintillation spectrometer. For analysis of phosphorylase, supernatant was diluted with 0.5 vol. of ice-cold buffer containing 100 mM KF and 100 mM Mes, pH 6.3. Phosphorylase activity was also measured with the filter-paper technique [22] by measuring the incorporation of glucose from α--[U-"%C]glucose 1-phosphate into glycogen in the absence and presence of 3.3 mM AMP at 30 mC for 20 min. Activity measured in the presence of AMP represents the total activity of phosphorylase regardless of the phosphorylation state of the enzyme. Additional details on the enzyme analyses are provided elsewhere [23] .
For analysis of glycogen, KOH was added to an aliquot of homogenate resulting in a final concentration of 1 M KOH and heated at 90 mC for 20 min. The extract was neutralized, hydrolysed enzymically [24] and analysed for free glucose by a fluorimetric enzymic technique based on the production of NADPH [25] . Other metabolites were extracted by addition of ice-cold perchloric acid (PCA) to an aliquot of homogenate resulting in a final concentration of 0.5 M PCA [26] . PCA extracts were centrifuged as above, decanted and neutralized with 2.2 M KHCO $ and centrifuged again. Supernatants were analysed for metabolites by fluorimetric enzymic techniques based on changes in NAD(P)H [25] . Extraction of metabolites from homogenates prepared with ice-cold enzyme extraction buffer yields values that are similar to those obtained from tissue that is directly deproteinized with PCA [26] . Protein concentration was determined with the DC Protein Assay Kit (BioRad).
Glucose uptake and glycogen synthesis
Measurements of 2-deoxyglucose (2-DG) uptake and glycogen synthesis were performed essentially as described elsewhere [27] .
Briefly, cells were first incubated at 37 mC for 60 min in glucosefree supplemented minimum essential medium containing 5 mM pyruvate with or without insulin (10 m-units\ml). Thereafter, 2-deoxy--[1,2-$H]glucose (1 µCi\ml) or -[U-"%C]glucose (2 µCi\ml) were added to the cells and 8 min later cells were washed three times with ice-cold PBS. For 2-DG uptake, cells were scraped into 5 M KOH, heated at 100 mC for 5 min and centrifuged at 23 000 g. Supernatant (100 µl) was added to scintillation cocktail (Ultima Gold) and counted for $H. For glycogen synthesis, cells were scraped into ice-cold 10 mM EDTA, 50 mM KF and 30 % (v\v) glycerol, pH 7.0. The extracts were homogenized and two 100 µl aliquots were spotted on to filter paper. One paper was washed in 70 % ethanol (3i20 min), dried and counted for "%C. The other paper was washed in trichloroacetic acid (TCA ; 10 % TCA, 1i10 min ; 5 % TCA, 2i5 min) followed by 5 min in 95 % ethanol, dried and counted [23] . Glucose uptake and glycogen synthesis rates were linear under the conditions studied (results not shown).
Western blots
For Western blots, β-mercaptoethanol (5 %) was added to diluted supernatants used for enzyme analyses and heated at 100 mC for 5 min. Protein (30 µg) was electrophoresed under reducing conditions on 10 % (w\v) SDS\polyacrylamide gels and then electrotransferred to 0.45 µm nitrocellulose membranes. The membranes were incubated in PBS containing 5 % dried skimmed milk and 0.1 % Tween 20 (blocking solution) for 2 h at room temperature to block non-specific binding. Membranes were then incubated overnight with antibodies against GS and actin in blocking solution at 4 mC. Unbound antibodies were removed by washing three times (10 min each) with blocking solution before incubation with an anti-chicken (for GS) or anti-rabbit (for actin) IgG-horseradish peroxidase conjugate for 2 h at room temperature. Membranes were washed as above and the bound antibodies were detected with a chemiluminescence Western blot kit (Amersham Biosciences) according to the manufacturer's instructions. Immunoreactive bands were quantified with a densitometer using the ImageQuant program (Molecular Dynamics, Sunnyvale, CA, U.S.A.).
Binding of UDP-Glc to GS
For studying the binding of UDP-Glc to GS, cells were cultured for 120 h as described above. Cells were washed with ice-cold PBS three times, scraped into 1 ml of ice-cold water, transferred to Eppendorf tubes and freeze-dried. A mixture of HxB and GS diluting buffer (1 : 4 ; 400 µl) was added to the cell powder, followed by homogenization and centrifugation at 23 000 g for 10 min at 4 mC. An aliquot of the supernatant was used for measurement of protein. To 335 µl of the supernatant, 665 µl of KF buffer, pH 7.8 (0.3 M Tris, 0.12 M EDTA, 0.78 M KF, 0.025 % Triton X-100 and 0.05 % Nonidet P-40), and 70 µl of Protein L-agarose beads were added and the mixture was incubated on a rocking platform for 24 h at 4 mC. Samples were centrifuged at 23 000 g. UDP-[6-$H]Glc (10 µCi) and unlabelled UDP-Glc (final concentration, 0.5 mM) were added to the supernatants, which were then incubated at 4 mC on a rocking platform for 48 h. Thereafter, 1 µl of GS antibody was added and incubated at 4 mC. After 24 h, 70 µl of Protein L-agarose beads was added and incubation was continued for another 24 h. Finally, samples were centrifuged and the pellet was collected, washed 3i1 min with ice-cold PBS and finally resuspended in 200 µl of PBS and counted.
GN
To study the incorporation of glucose from UDP-Glc into endogenous proteins\GN, cell powder was homogenized in 700 µl of ice-cold buffer containing 50 mM triethanolamine, pH 7.8, 150 mM KCl, 1 mM dithiothreitol, one-half of a Complete protein and protease inhibitor tablet (Boehringer Mannheim immunoprecipitation kit) and glycerol (30 % v\v) , and centrifuged at 23 000 g for 10 min at 4 mC. The supernatant was collected, protein was measured and 30 µg of protein was incubated with 0.1 µCi of UDP-[U-"%C]Glc with or without 5 mM MnSO % and\or 100 µM CDP for 90 min at 37 mC. β-Mercaptoethanol (5 %) and Bromophenol Blue (1 %) were added to the samples, which were then boiled for 5 min and loaded on a 10 % polyacrylamide gel. After SDS\PAGE, gels were dried overnight and exposed to a PhosphorImager screen for 1 week.
Statistics
Data are presented as meanspS.E.M. unless stated otherwise. Significant differences between means were determined with paired or unpaired t tests. Statistical significance was set at P 0.05.
RESULTS

Metabolites
Metabolites reflecting the energy status of the cell were measured (Table 1 ). There were no noteworthy differences in glucose 6-phosphate or ATP contents between cell lines. However, lactate contents were higher and phosphocreatine contents lower in Qc than in G3 cells at 96-120 h after seeding. The concentration of glucose measured in the medium from the Qc cells after 120 h of incubation was lower (2.81p0.02 mM in Qc ; 3.82p0.22 mM in G3 ; n l 3 dishes) and lactate higher (4.12p0.08 mM in Qc ; 3.04p0.11 mM in G3 ; n l 3 dishes) than in medium from the G3 cells.
As expected, UDP-Glc contents were substantially less in Qc than in G3 cells (Figure 1 ). The relatively small amounts of UDPGlc in the Qc cells probably derive from residual activity of UDPG : PP, which amounts to about 4 % in the mutant cells [18] . Glycogen was always below the level of detection in Qc cells, as well as in G3 cells during the first 48 h after seeding. Thereafter, glycogen increased in the G3 cells to 7p3 (n l 4 dishes) and 14p2 nmol of glucosyl units\mg of dry weight (n l 6 dishes), 72 and 120 h after seeding, respectively. While these glycogen levels are measurable, they are still low compared with other glycogenproducing tissues, such as skeletal muscle (200-700 nmol of glucosyl units\mg of dry muscle in rats and humans) [28, 29] .
Table 1 Metabolite contents in cells
Values are meanspS.E.M. from four dishes whose cells were harvested 96 (n l 2) and 120 h (n l 2) after seeding and are given in nmol/mg of dry weight. Values for 96 and 120 h were virtually identical and have therefore been pooled for statistical analysis. Protein concentrations in the G3 (1.1p0.1 mg/ml extract) and Qc cells (1.1p0.2 mg/ml extract) were not significantly different (P 0.05). ***P 0.001 versus G3. 
2-DG uptake and glycogen synthesis
Lack of detectable glycogen in Qc cells could be due to low rates of glucose uptake, high rates of glycogenolysis owing to elevations in glycogen phosphorylase activity or low GS activity. The greater decrease in medium glucose concentration in Qc cells suggested that glucose uptake was not lowered. Indeed, Qc cells had a higher rate of 2-DG uptake than G3 cells (Table 2) . Moreover, both cell lines were equally responsive to insulin (23 % increase in 2-DG uptake in Qc and G3, P 0.001 ; results not shown). Cytochalasin B (10 µM) inhibited about 90 % of glucose uptake (results not shown), indicating that glucose transport was mediated by a transport protein(s). Furthermore, total phosphorylase activity was $ 50 % lower in Qc than in G3 cells (results not shown), suggesting that excessive glycogen degradation was not occurring in the Qc cells.
To examine whether the lack of glycogen in Qc cells was due to a decreased glycogen synthesis, incorporation of ["%C]glucose into glycogen\glycoproteins was measured. Consistent with the lower glycogen contents in the Qc cells, ["%C]glucose incorporation into ethanol-precipitable material (mature glycogen and endogenous glycoproteins) was decreased by about 40 % in Qc cells ( Table 2 ). The incorporation of ["%C]glucose into TCAprecipitable material (endogenous glycoproteins) [23] was similar to the ethanol-precipitable results in both cell lines (Table 2) , which indicates that there was little mature glycogen in both cell lines (see above). Probably, a greater proportion of the counts were incorporated into low-molecular-mass proteins in the Qc cells (i.e. GN), since one would expect GN to be more active in glycogen-depleted cells [2] [3] [4] . Indeed, incubation of extracts from Qc cells with UDP-[U-"%C]Glc in the presence of Mn# + resulted in the incorporation of label into an $ 36 kDa protein and the incorporation was inhibited by about 50 % by CDP (Figure 2 , lanes 7 and 9 from left). Similar results were obtained in two other experiments. Since the molecular mass of GN is generally reported to be 37-38 kDa [3] and it is activated by Mn# + and inhibited by CDP (see [23] ), the results indicate that GN was active in the Qc cells. On the other hand, there was no evidence for GN activity in the G3 cells. In both Qc and G3 extracts, Mn# + stimulated the incorporation of label into a high-molecular-mass material that barely entered the running gel and was not inhibited by CDP (Figure 2, lanes 6-9 from left) . The extent of the Mn# + effect on the high-molecular-mass material was greater in the G3 extracts [cf. density of stacking gels of lanes 6 (11 286 arbitrary units) and 7 (5291 arbitrary units) from left]. On average, 89 % (range l 86-93 %, n l 3) of the total radioactivity (sum of stacking and running gel) in the G3 extracts was detected in the stacking gel, versus only 58 % (range, 49-64 %, n l 3) in the Qc extract, as determined by densitometry. This high-molecularmass material was probably glycogen that was glucosylated to varying degrees, and the enzyme responsible for the glucose transfer was probably GS, since we recently showed that MnSO % stimulates GS-mediated glucosylation of endogenous glycoproteins. The latter reaction is not affected by CDP [23] .
Insulin, which stimulates glycogen synthesis by increasing glucose uptake and activating GS [30, 31] , increased glycogen synthesis in G3 cells by about 50 % (P 0.01), but had no significant effect in Qc cells (P 0.05 ; results not shown).
Therefore, the lower rates of basal ["%C]glucose incorporation and the inability of insulin to stimulate glycogen synthesis in Qc cells suggested a decreased activity of GS in these cells.
GS activity
Total GS activity was barely detectable in Qc cells, and at 120 h was 5 % of that in G3 cells (Figure 3 ). Consistent with these findings, we found that incubating G3 cells for 120 h with 5 mM pyruvate instead of 5 mM glucose (n l 4) decreased cell UDPGlc contents from 2.00p0.08 (glucose) to 0.35p0.02 nmol\mg of dry weight (pyruvate) and concomitantly GS activity from 1.29p0.03 (glucose) to 0.52p0.02 nmol\min per mg of dry weight (pyruvate). As expected, there was no detectable glycogen in G3 cells incubated with 5 mM pyruvate. Next, we determined whether the low GS activity was due to a lack of GS protein in the Qc extracts. The amount of GS protein in Qc cells was reduced (Figure 4 ), but the reduction amounted to only about 50 % (GS\actin ratio, 0.24p0.05 in Qc cells and 0.53p0.09 in G3 cells ; n l 4 for each ; P 0.05). Differences in the phosphorylation state of GS also cannot explain the differences in activity between cell lines, since the assays were performed in the presence of saturating levels of glucose 6-phosphate. Furthermore, measurements of GS fractional activity (0.17\7.2 mM glucose 6-phosphate) in cell extracts (see below) showed values that were always low ( 0.08) in both cell lines (results not shown), suggesting that GS was highly phosphorylated in both cell lines. The possibility that Qc cells contain a soluble inhibitor of GS was examined by mixing extracts of Qc cells with extracts
Figure 3 GS activity is decreased in Qc cells
Values are meanspS.E.M. for 2-12 dishes. #, G3 cells ; $, Qc cells. Activities were measured in 23 000 g supernatants in the presence of 7.2 mM glucose 6-phosphate. Similar results were obtained on homogenates that were not centrifuged (not shown). Activities were also measured in the presence of 0.17 mM glucose 6-phosphate in the Qc cell extracts, but were so low that meaningful ratios (0.17/7.2 mM glucose 6-phosphate) could not be calculated.
Figure 4 GS protein content is reduced in Qc cells
Representative immunoblots for GS and actin at 120 h from Qc and G3 dishes. Similar results were obtained in three other dishes for each cell line (not shown). SDS/PAGE and immunoblotting were performed as described in the text.
of G3 cells prior to the GS assay. Addition of Qc extracts to G3 extracts did not appreciably alter the expected activity (expected activity, 0.64 nmol\min per mg of dry weight ; measured activity, 0.54 nmol\min per mg). Thus there was no evidence for a soluble inhibitor of GS in the Qc extracts.
Activation of GS in itro was therefore attempted. Thiol compounds have been shown to increase GS activity in itro in the absence and presence of inhibitors [32] [33] [34] . Pre-incubation of Qc extracts with 10 mM cysteamine, 50 mM β-mercapthoethanol and both cysteamine and β-mercapthoethanol did not appreciably alter the GS activity from control values of 0.01p0.01 nmol\min per mg of dry weight to 0.01p0.01, 0.01p0.01 and 0.02p0.02 (n l 3), respectively. Thus, incubation of Qc extracts with thiol compounds did not restore GS activity. During purification of GS, separation of GS from glycogen results in loss of GS activity, and this can be reversed by addition of exogenous glycogen [35] . Cell extracts prepared from 120 hold cells were therefore incubated with glycogen for 6 h prior to analysis of GS activity. In G3 cells, prior incubation of extracts with exogenous glycogen resulted in a relatively small ($ 10 %) Figure 5 Re-activation of GS in vitro (A) Cells were harvested 120 h after seeding, sonicated in ice-cold buffer, centrifuged, and supernatants were incubated in diluting buffer for GS (see the text) for 1 h at 30 mC, followed by 5 h at 4 mC in either the absence (k) or presence (j) of UDP-Glc (0.5 mM) or glycogen (10 mg/ml). Thereafter, samples were diluted and assayed as described in the text. (B) Same as (A) except that cells were harvested 48 h after seeding. Values are meanspS.E.M. for six (A) or four (B) dishes. *P 0.05, **P 0.01 and ***P 0.001 compared with the absence of UDP-Glc and glycogen. albeit significant increase in GS activity ( Figure 5A ). In Qc cells, however, prior incubation of extracts with glycogen increased activity more than 15-fold. Prior incubation with only UDP-Glc had no significant effect on GS activity in Qc extracts, but increased activity in G3 extracts ($ 25 %). Similar results were obtained with extracts from Qc and G3 cells harvested after 48 h ( Figure 5B ). It is noteworthy that at 48 h neither cell line had detectable amounts of glycogen. Still, GS activity was markedly lower in Qc than in G3 cells (see also Figure 3 ). Interestingly, at both 48 and 120 h, the activity of GS in Qc extracts after prior incubation with exogenous glycogen was about 50 % of that seen in control G3 extracts. Since GS protein content was reduced by
Figure 6 Concentration dependency of UDP-Glc on reactivation of GS in vitro in G3 but not Qc extracts
Prior incubation was performed under the conditions described in the legend to Figure 5 . The final concentration of UDP-Glc during the assay of GS in this experiment was 2.7 mM. Values are meanspS.E.M. from three dishes cultured for 120 h. #, G3 cells ; $, Qc cells. about 50 % in Qc cells, this suggests that we were successful in fully re-activating GS in the Qc cells. The finding that incubation with exogenous UDP-Glc resulted in significant activation of GS from G3 cells but not in Qc cells raised the possibility that the affinity of GS from Qc cells for UDP-Glc was decreased. If so, then increasing the concentration of UDP-Glc during prior incubation should increase the activity of GS. Such a concentration-dependent activation of GS was observed in G3 extracts ( Figure 6 ). However, no activating effect in Qc extracts was observed, even at 20 mM UDP-Glc. This suggested that GS in Qc cells had lost the ability to bind UDP-Glc.
To test this possibility, cell extracts were incubated with radioactive UDP-Glc, and the amount of radioactivity associated with immunoprecipitated GS was determined. In G3 cells, significant radioactivity was detected in the immunoprecipitate, but none was detected in the Qc immunoprecipitate (Table 3) . Since prior incubation with glycogen fully restored GS activity in the Qc cells ( Figure 5 ), we determined whether this was associated with restoration of UDP-Glc binding to GS. Indeed, binding of UDP-Glc to GS in Qc extracts incubated with glycogen was increased to about 50 % of that seen in G3 cells ( Table 3 ). Considering that the amount of GS protein was reduced by 50 % in the Qc cells, this indicates that glycogen fully restored UDPGlc binding to GS.
DISCUSSION
A major finding in the present study was the virtually complete lack of GS activity in Qc cells. About 50 % of the decreased activity could be accounted for by a decrease in the amount of GS protein. But how UDPG : PP gene inactivation results in inactivation of the remaining protein is not straightforward. One limitation with gene-modification studies is that adaptive changes may occur in the expression of known or unknown proteins (e.g. [36] ) that affect the parameter of investigation. One approach to circumvent this limitation is to study the variable of interest under in itro conditions where adaptive responses are minimized or abolished. Inactivation of UDPG : PP resulted in low levels of both UDP-Glc and glycogen, either of which could be responsible for the loss of GS activity. It is well established that glycogen is needed to stabilize GS activity in itro (e.g. [35] ) and it might be argued that the inactivation of GS in Qc cells is due to low levels of endogenous glycogen. This possibility can be ruled out for the cells studied 48 h after seeding since neither cell line had detectable amounts of glycogen, and still GS activity in Qc cells was less than 5 % of that observed in G3 cells (Figures 3 and 5) . Indeed, others have shown that virtually complete lack of endogenous glycogen can still be associated with substantial GS activity [23, 29, 37] and even increases in GS activity [38] . It has also been shown that the starvation-induced increase in rat heart glycogen content is associated with a 60 % decrease in total GS activity [39] . Therefore, the low GS activity in the Qc cells cannot be explained solely by lack of endogenous glycogen. More likely is that the lack of adequate UDP-Glc was responsible for the low GS activity in the Qc cells. This explanation is also supported by the finding that depletion of UDP-Glc by incubating G3 cells with pyruvate results in decreased GS activity, and is consistent with the observation that addition of exogenous UDP-Glc to purified preparations of GS prevents loss of enzyme activity during storage [40] .
If our explanation is correct, then the question arises of how chronically low UDP-Glc levels in the intact cell result in virtually undetectable GS activity when measured under in itro conditions ? Prior incubation of Qc cell extracts with UDP-Glc did not significantly activate GS either at 48 or 120 h, while prior incubation of G3 cell extracts with UDP-Glc significantly increased GS activity at those times. It is unlikely that endogenous glycogen is required for UDP-Glc to exert its stimulatory effect during prolonged prior incubation since at 48 h the G3 cells had no significant amounts of glycogen, but GS activity was still increased by prior incubation with UDP-Glc ( Figure 5B ). Our findings demonstrate that UDP-Glc binding to GS was lost in the Qc cells. Moreover, the glycogen-mediated restoration of GS activity in the Qc cells could be explained by the restoration of UDP-Glc binding to GS. These data may also provide a mechanism for how glycogen stabilizes GS during storage ; namely, glycogen maintains the ability of GS to bind UDP-Glc. Thus in addition to being a substrate for GS and regulating the cellular localization of GS [16] , UDP-Glc availability may also dictate the extent of GS activity by a non-substrate-dependent mechanism.
Finally, one could question the relevance of fibroblasts as a model to study glycogen metabolism. However, fibroblasts have previously been used as a diagnostic tool for glycogen storage diseases [41] , as well as studying glycogen biogenesis [42] and GS activity [43] . Indeed, the present study demonstrates that, as in skeletal muscle, insulin accelerates both glucose uptake and glycogen synthesis (G3). Therefore, the results from the present study are likely to be of physiological significance.
In conclusion, our findings indicate that UDP-Glc, in addition to being the glucosyl donor for GS, can regulate glycogen biogenesis via non-substrate-dependent control of GS activity.
